1. Ubiquitous environmental stressors are often thought to alter animal susceptibility to pathogens and contribute to disease emergence. However, duration of exposure to a stressor is likely critical, because while chronic stress is often immunosuppressive, acute stress can temporarily enhance immune function. Furthermore, host susceptibility to stress and disease often varies with ontogeny; increasing during critical developmental windows. How the duration and timing of exposure to stressors interact to shape critical windows and influence disease processes is not well tested.
| INTRODUCTION
Infectious diseases are emerging at alarming rates, threaten entire clades of animals and alter ecosystem processes (Blaustein et al., 2012; Hatcher, Dick, & Dunn, 2012; Whiles et al., 2013) . While factors influencing disease emergence are multifaceted, exposure to environmental stressors is a central factor driving altered susceptibility to pathogens in animals (Blaustein et al., 2012; Echaubard, Little, Pauli, & Lesbarrères, 2010; Forson & Storfer, 2006; Gervasi & Foufopoulos, 2007; Kerby & Storfer, 2009; St-Amour, Wong, Garner, & Lesbarrères, 2008) . Environmental stressors, such as habitat alteration, climate change and pollution may alter host physiology and increase disease susceptibility; however, this relationship is often not straightforward (Blaustein et al., 2011; McMahon, Romansic, & Rohr, 2013; McMahon et al., 2011; Warne, Crespi, & Brunner, 2011) .
In particular, the susceptibility of animals to both stressors and disease vary across ontogeny; some developmental stages are more vulnerable during critical windows (Johnson, Kellermanns, & Bowerman, 2011; Rohr, Raffel, & Hall, 2010; Rohr et al., 2013; Warne et al., 2011) .
Critical windows are periods during development in which animals exhibit heightened susceptibility to environmental stressors that induce substantial phenotypic plasticity (Mueller, Eme, Burggren, Roghair, & Rundle, 2015) . More recently, this concept has been applied to critical disease windows during which organisms exhibit increased susceptibility, morbidity and/or mortality to pathogens . Finally, exposure to stressors and/or disease during critical developmental windows may permanently alter animal phenotypes to shape adult functional performance (Mueller et al., 2015) . Given the complexity of interactions among environmental stressors, animal physiology, development and disease, it is crucial to investigate how stress-induced alterations to host physiology affect disease dynamics (Hawley & Altizer, 2011; Warne et al., 2011) .
Amphibian ranaviruses provide a model system to test the effects of environmental stressors on host developmental physiology, critical windows and disease dynamics (Collins, Brunner, Jancovich, & Schock, 2004) . While ranaviruses are emerging pathogens that threaten ectothermic vertebrates including amphibians, reptiles and fish, they are also well suited for experimental disease research. Ranaviruses have no vectors and little environmental persistence, but within laboratory conditions, they are single host-pathogen systems that reliably induce infection in given amphibian species, and are easily controlled in a dosedependent manner (Araujo, Kirschman, Warne, & Warne, 2016; Warne et al., 2011) . In addition, much is known about amphibian immune responses to ranavirus infection (Chen & Robert, 2011; De Jesús Andino, Chen, Li, Grayfer, & Robert, 2012; Grayfer, Andino, Chen, Chinchar, & Robert, 2012; Grayfer, De Jesús Andino, & Robert, 2014 , 2015 Grayfer, Edholm, De Jesús Andino, Chinchar, & Robert, 2015) . Finally, some larval amphibians seem to have a critical window of vulnerability to ranavirus, in which they are more susceptible to infection and mortality as they approach metamorphosis (Haislip, Gray, Hoverman, & Miller, 2011; Warne et al., 2011) . Infection during this critical window is also associated with activation of the physiological stress response (Warne et al., 2011) , via the hypothalamus-pituitary-interrenal (HPI) axis, which affects larval growth, development and immune function (Denver, 2009; Rollins-Smith, 2017; Sapolsky, Romero, & Munck, 2000) . Stimulation of the HPI axis results in the release of corticosterone (CORT), the amphibian glucocorticoid hormone. The effects of CORT on larval physiology vary with ontogeny, but in late-stage larvae, it accelerates development, allowing them to metamorphose and escape suboptimal aquatic habitat (Denver, 2009) . Because ranavirus infection stimulates the HPI axis and accelerates larval development (Warne et al., 2011) , this system allows us to investigate the importance of development and potential critical windows on disease dynamics and immunocompetence.
The activity of the HPI axis can also affect disease dynamics by influencing immune function (Dhabhar, 2009; Haddad, Saadé, & SafiehGarabedian, 2002) . Immunosuppression from chronic exposure to environmental stressors in particular is thought to contribute to the emergence and spread of diseases such as ranavirus (Blaustein et al., 2012; Hatcher et al., 2012) . For example, natural stress from high larval densities can increase ranavirus-induced mortality in northern leopard frogs (Lithobates pipiens) and anthropogenic pressures from urban, industrial and agricultural activity increase the prevalence of ranavirus in amphibian populations (Echaubard et al., 2010; St-Amour et al., 2008) . However, these results are not universal, and other studies have shown stressors such as crowding, food restriction and predator cues have no effect on ranavirus susceptibility (Haislip, Hoverman, Miller, & Gray, 2012; Reeve, Crespi, Whipps, & Brunner, 2013) . These discrepancies are incentive for studies, like ours that experimentally test if, and how, glucocorticoid responses to chronic stressors influence disease dynamics.
In contrast to chronic stress, acute activation of the HPI axis may stimulate immune function by upregulating the inflammatory response, specifically cytokine and macrophage-associated protein production, as well as inducing leucocyte proliferation and peripheral tissue infiltration (Dhabhar, 2009 (Dhabhar, , 2014 Haddad et al., 2002; Viswanathan, Daugherty, & Dhabhar, 2005) . Acute activation of the HPI axis and immune mobilization could thus increase the resistance of larval amphibians to ranaviruses, as larvae display delayed inflammatory responses when challenged with ranavirus (De Jesús Andino et al., 2012) . However, stress is only likely to have pronounced immunological effects in amphibian larvae with active immune systems.
During metamorphic climax, larvae downregulate their immune systems to protect newly forming adult tissue and repurpose phagocytic cells to tissue remodelling (Du Pasquier, Schwager, & Flajnik, 1989; Grayfer et al., 2012; Ishizuya-Oka, 2011; Rollins-Smith, 1998) . Indeed, immune downregulation during metamorphic climax may be a primary factor shaping critical disease windows in amphibians. Finally, our recent studies suggest exposure to stressors may induce resource tradeoffs that shape critical windows and disease processes because the HPI axis and CORT coordinate developmental remodelling, immune function and energy allocation in larval amphibians Warne et al., 2011) .
To conceptualize these potential trade-offs and to frame testable hypotheses, we developed a model inspired by Perrin (1992) and Perrin and Silby (1993) illustrating the value of resource allocation to
Box 1
This model illustrates the value of resource allocation to development and somatic processes in larval amphibians through metamorphosis and under varied physiological states. The model assumes simultaneous allocation to developmental and somatic processes, whereby marginal values of these competing traits determines optimal investment through metamorphosis (Box 1a; solid curve). Marginal values of development and somatic investment are equal where the slopes of tangents (e.g. light gray lines) to isoclines (dashed curves) are equal to negative one (Box 1a). The solid curve thus provides a trajectory along which simultaneous allocation to soma and development is optimal until metamorphic climax; after which allocation is to growth. Note that metamorphic climax is a fixed stage that does not vary, but the rate of development until this stage (slope of the linear portion of the curve) varies with allocation and can influence the size and condition at metamorphosis as we have observed Kirschman, McCue, Boyles, & Warne, 2017) . The model further suggests that if environmental conditions or changes in physiological state induce a CORT response then trade-offs of limited resources will necessitate a shift in optimal allocation ( Figure 1b) . If CORT is elevated, then we would expect allocation to shift towards development at the expense of the soma (Figure 1b , dashed curve).
Among larval amphibians, CORT activation often shifts resources away from soma towards rapid development to escape deteriorating larval conditions and mortality (dashed curve). Published data support this prediction because development and metamorphic rates of larval amphibians, especially ephemeral breeders, are constrained by their niche; they must metamorphose to escape seasonally drying or deteriorating ponds (Denver, 1997) . Mechanistically, CORT synergizes with the thyroid to regulate development and in late-stage larvae, when the thyroid is mature, elevated CORT accelerates metamorphic rates (Denver, 2009) . For this reason, allocation to development likely supersedes larval growth when CORT is elevated in response to factors such as pond drying, competition, or disease then metamorphic timing is maximized, as we have observed Warne et al., 2011) .
However, delayed metamorphosis is also often observed in larval amphibians and as illustrated in our model likely results from allocation to the soma at the expense or suppression of differentiation rates (Box 1b, dotted curve). Note the soma includes several resource pools including tissues, organs and immunity, and delayed development could result from distinct environmental conditions causing the shifting of development and somatic processes under varied physiological states (Box 1). The model assumes simultaneous resource allocation to developmental and somatic processes, whereby marginal values of these competing traits determines optimal investment until metamorphic climax; after which allocation is to growth (Box 1a). However, if environmental conditions or changes in physiological state induce a CORT response, our model suggests trade-offs of limited resources will necessitate a shift in optimal allocation (Box 1b). In larval amphibians, elevated CORT will likely shift allocation towards development at the expense of the soma (Box 1b, dashed curve) because CORT synergizes with the thyroid to regulate development and accelerate metamorphic rates to escape seasonally drying or deteriorating pond conditions (Denver, 1997) . Indeed, in a previous study, we found that the HPI axis is activated and development accelerated following ranavirus infection in larval amphibians, and we hypothesized that the CORT response stimulates and supports immune function and development at the expense of body condition and somatic growth (Warne et al., 2011) .
By contrast, increased allocation to differing resource pools within the soma could cause a delay in development and metamorphosis but for contrasting reasons (Box 1b, dotted curve). For example, a common observation is amphibians can delay metamorphosis if environmental conditions are stable and resources abundant, in order to maximize growth and metamorphic size. However, if conditions such as chronic stress or long-term infection induce allocation to immunity (another resource pool in the soma) then larvae will necessarily exhibit reduced allocation to development and other somatic pools such as tissue growth and storage; infected larvae would thus metamorphosis later and at smaller sizes, and in poorer condition than uninfected larvae. Note we intentionally designated the soma in our model to be ambiguous with numerous resource pools, because easily measured somatic traits such as growth, size and condition that may reflect organismal performance likely also mask underlying interactions (Altwegg & Reyer, 2003; Boone, 2005; Kirschman, McCue, et al., 2017; Semlitsch, Scott, & Pechmann, 1988; Tarvin, Silva Bermúdez, Briggs, & Warkentin, 2015) . Ultimately, our model suggests that CORT-mediated interactions between development, immunity and other somatic functions such as energy storage could have contrasting but poorly characterized effects on amphibian metamorphosis and disease.
We designed this study to test the contrasting effects of physiological stress exposure on development, somatic function and disease susceptibility. Furthermore, through experimental tests of our model, we sought to expand our understanding of how stress responses to varied environmental conditions may shape critical disease windows. Specifically, through experimental manipulation of CORT levels in larval wood frogs (Lithobates sylvaticus) and subsequent exposure to ranavirus, we tested how the timing and duration of HPI axis activity (i.e. acute vs. chronic) affect development, immune function and ranavirus susceptibility. We hypothesized that the duration of CORT exposure would alter resource allocation between development and somatic maintenance, and tested three predictions conceptualized in our model and derived from our previous experiments. First, we predicted that chronic CORT exposure would accelerate development rate at the expense of immune function and somatic storage. By contrast, our second prediction was that acute CORT exposure would temporarily stimulate immune function and suppress viral proliferation, via upregulation of the inflammatory response, without affecting resource allocation as measured by developmental rates. Finally, our third prediction tested the hypothesis derived from our previous research that in combination, stress and infection interact to alter development rates and shape critical windows. As per our model, we predicted the larvae that survived ranavirus infection would be those that allocated resources towards somatic maintenance and would thus exhibit slower developmental rates. resources within the soma. We have intentionally aggregated differing resource pools within the soma to illustrate how the easily measured somatic traits such as body mass and growth, that are often used to reflect organismal performance, may also mask the effects of shunting of resources to other somatic processes such as immunity or storage. Increased growth and size at metamorphosis due to delayed development, for example could result from mild conditions of low competition and abundant resources and thus relatively low CORT levels. If, however, chronic stress exposure is compounded by other factors such as infection that induces allocation to immunity (a resource pool in the soma) then larvae will necessarily exhibit reduced allocation to development and other somatic pools such as storage; infected larvae would metamorphosis later and in poorer condition. In our model growth as measured by body length may not be affected while mass (i.e. organ mass, body condition) would differ among these scenarios. While these two scenarios thus have the same apparent effect of delaying development rates, their effects on the soma would differ as a function of allocation to somatic pools.
| MATERIALS AND METHODS

| Field collection
Box 1 Continued
| Effects of CORT treatment on viral load and spleen response to infection
We randomly selected 100 larvae in late development, Gosner stages 36-38 (Gosner, 1960) , housed in individual plastic containers with 500 ml of carbon-filtered water. Twenty larvae were assigned to one of four treatment groups: acute CORT, chronic CORT, infected control and uninfected control. Larvae in the acute and chronic CORT treatments were exposed to 62 nM CORT in a 0.003% ethanol vehicle in aquarium water, which induces a physiologically relevant elevation in whole-body CORT in amphibians (Glennemeier & Denver, 2002) . The acute CORT treatment was exposed for 6 hr prior to infection, while the chronic CORT treatment received the same dose and then another 48 hr later. Following ranavirus challenge (below), we exposed chronic CORT treatment to the same dose as above every 48 hr until death or metamorphosis. We chose this exposure time because we have found it sufficient to accelerate larval development (Kirschman, McCue, et al., 2017) .
Following hormone manipulation treatments, we challenged each treatment, except uninfected controls, with a lethal dose of ranavirus. Infections took place in 200-ml baths containing 10 4 (pfu/ml) of ranavirus for 24 hr (Warne et al., 2011) . The strain used was an FV3-like virus (AEC37-2) that was isolated from a wood frog die-off at the Adirondack Ecological Center, NY, inoculated onto Epithelioma papulosum cyprini cells and passed twice from the original animal . We have previously confirmed this dose is 100% fatal within 4-6 days of infection (personal observation). We use an LD-100 dose, because we needed to ensure every larva was infected as this part of the experiment examined disease progression. Following infection, larvae were transferred back to plastic tubs with 500 ml of carbon-filtered water and fed rabbit pellets ad libitum.
To monitor leucocyte and viral proliferation responses to CORT treatments, 10 larvae in each treatment were euthanized via submersion in a 0.1% benzocaine solution 2 and 4 days following ranavirus exposure, just prior to when we would expect disease-induced mortality. We dissected their livers for quantitative real-time polymerase chain reaction (qPCR) analysis to measure viral load (detailed below). We also dissected spleens to assess the number of proliferating splenocytes using immunohistochemistry staining of a mitotic marker (detailed below). The spleen is a major hematopoietic organ in tadpoles and may increase production following ranavirus infection (Grayfer & Robert, 2016) . Note that throughout this paper, we will refer to the cells we measured within the spleens as "splenocytes," to both denote their location specifically and clarify when we are referring to our own measurements. However, we use the more general "leucocyte" elsewhere. Immunohistochemical measurement of the spleen also allowed us to assess the effect of CORT treatments, because environmentally relevant doses of CORT have inhibitory effects on leucocyte proliferation in larval amphibians (Rollins-Smith, 2017).
| Effect of treatments on whole-body CORT
To assess how glucocorticoid levels were affected by infection and our CORT treatments, we exposed a separate set of larvae at Gosner stages 36-39 to the CORT treatments as described above. After 6 or 72 hr of exposure, dependent upon the treatment, half of the larvae were euthanized by submersion in a 0.1% benzocaine solution and stored frozen at −20°C until extraction and analyses (Warne et al., 2011) . To assess how CORT levels were influenced by treatment and ranavirus infection status, we exposed the remaining larvae to the LD-100 dose of ranavirus and euthanized those 3 days after infection.
Prior work showed that elevations in CORT are induced by 4 days after ranavirus inoculations of the same dose (Warne et al., 2011.) To extract whole-body CORT, each larvae was homogenized in 1 ml of molecular grade water (Power Gen homogenizer, Fisher Scientific), and then extracted with 4 ml of a 7:3 ethyl ether:petroleum ether cocktail (McMahon et al., 2011) . After separating the non-steroid water fraction through submersion in a dry-ice bath, the decanted ether cocktail was evaporated under ultrapure nitrogen at 37°C. The extracted and dried steroid fraction was then resuspended in 800 μl of EIA buffer mixed with 10% ethanol. Whole-body CORT concentration (ng/g BW) was measured in the extracted samples using enzyme-immunoassay (EIA) corticosterone kits (Cayman Chemical
Inc., Ann Arbor, MI. #501320). These kits were validated using pooled samples for serial dilutions and quantitative recovery (Gabor & Bosch, 2013; Warne, Proudfoot, & Crespi, 2015) . A dilution of 1:5 provided an optimal detection range where the serial dilution was parallel to a standard curve (ANCOVA slope comparison; F 1,6 = 3.1, p = .13).
Extraction recovery median was 77% (range = 52%-96%), based upon a cold spike analysis, in which pooled samples were mixed 1:2 with the CORT standards.
| Effects of CORT treatment on survival and metamorphosis
In a third experiment, we randomly selected larvae at Gosner stages 36-39 and placed each individual into a plastic container with 500-ml carbon-filtered water. We assigned 30 larvae to the same treatments described above (acute CORT, chronic CORT, infected control, uninfected control) except that we continued the chronic CORT doses after ranavirus exposure by applying it every 48 hr until the larvae either metamorphosed or died. We did not add any ethanol vehicle controls, as they do not affect the endogenous CORT levels, growth or development of larvae (Glennemeier & Denver, 2002) . Following hormonal manipulations, the larvae were challenged with an LD-50 dose of ranavirus (2.36 × 10 2.5 PFU/ml). To assess the effects of CORT treatments on development metamorphic timing in the absence of ranavirus infection, we assigned 10 larvae at Gosner stages 36-39 to the same treatments described above (acute CORT, chronic CORT, infected control, uninfected control). We monitored daily for survival and euthanized survivors at the completion of metamorphosis (Gosner stage 46) . Carcasses were frozen and stored at −80°C.
| Measurement of viral titres with qPCR analysis
Livers and carcasses were thawed on ice and DNA was eluted 
| Splenocyte immunohistochemistry staining
We fixed spleens in 4% paraformaldehyde for 24 hr at 5°C, then suspended them in a solution of proteinase K (10 μg/L) in phosphatebuffered solution (PBS) and incubated them for 30 min. Following this, the spleens were washed with PBS, exposed to an increasing methanol series (25%, 50%, 75% and 100%) and finally rinsed again in PBS.
Spleens were then simultaneously stained with phospho-histone H3 Cell size and intensity of fluorescence were used to select populations of cells expressing the phospho-histone H3 cell marker. We standardized the number of proliferating splenocytes to spleen area. Note that we could not standardize by total cell count (i.e. phalloidin-stained cells) because we whole-mounted the spleens, and thus could not account for density of cells in the three-dimensional images.
| Statistical analysis
All analyses were performed in JMP Pro version 12.1.0 (SAS Institute Inc.), unless otherwise noted. We analysed CORT responses to our CORT and metyrapone treatments using a general linear model (GLM) with log-transformed whole-body CORT (ng/μl) as the response variable, and treatment and ranavirus infection status as fixed effects. We used Tukey's post hoc tests for multiple comparisons.
To test for splenocyte and viral proliferation responses to CORT treatments in the larvae exposed to the LD-100 dose of ranavirus, we used GLMs. For viral proliferation, the liver viral load response was log transformed, and CORT treatment and dissection day (i.e. day 2 or 4)
were included as fixed effects in a full factorial design. We used Tukey's post hoc tests for multiple comparisons between groups. However, for splenocyte proliferation, there was not adequate sample sizes to retain F I G U R E 4 Survival and metamorphosis curves across corticosterone treatments for uninfected larvae and larvae infected with an LD100 dose of ranavirus. Uninfected survival curve (a), uninfected metamorphosis curve (b), infected survival curve (c), infected metamorphosis curve (d) (dashed curve). Finally, acute corticosterone treatment can activate immune function via leucocyte mobilization (dot), thereby increasing survival while preserving developmental time dissection day in the analysis because of some failures in the spleen staining process. Thus, we used a GLM to analyse log-transformed splenocyte proliferation (log cells/area) with CORT treatment as a fixed effect, and Tukey's post hoc tests for multiple comparisons.
To determine the effect of CORT treatment on time to metamorphosis and survival in either the absence of ranavirus, or following an LD-50 dose of ranavirus, we used a competing risk model (cmprsk package, Gray 2015) in R (R Foundation for Statistical Computing) because there were two potential outcomes of the experiment: either death or metamorphosis. This is because both exogenous CORT and ranavirus infection accelerate metamorphosis (Denver, 2009; Reeve et al., 2013; Warne et al., 2011) . We excluded uninfected controls from the LD-50 survival analysis, because they all survived, and thus did not fit a competing risk model. Finally, we used a logistic fit to assess if viral load predicted survival.
| RESULTS
Our qPCR assays confirmed that all larvae exposed to the LD-100 treatment were infected with ranavirus. CORT treatment had a significant effect on the viral load of the larvae exposed to a LD-100 dose of ranavirus ( Figure 1 ; F 2,58 = 10.1, p = .0002). The viral load of larvae exposed to chronic CORT was higher than acute CORT and infected control (Tukey's HSD, p > .05). Time after infection also had a significant effect. Larvae dissected on 4 days had higher viral loads than those dissected on 2 days (F 1,78 = 193.3, p < .0001).
Larvae in the chronic CORT treatment dissected at 2 days had higher viral loads than acute CORT and infected control (Figure 1 , p < .05), showing that viral replication rate in this group was more rapid than the other two over the 4-day period. Both CORT exposure treatments also significantly suppressed splenocyte proliferation among larvae dosed with LD-100 of ranavirus relative to that observed in the uninfected control group, and tended to be lower than the infected control group (Figure 2 ; F 3,30 = 7.9, p = .0006).
These differences in viral titre and splenocyte proliferation were associated with significantly elevated whole-body CORT concentrations of larvae caused by the acute and chronic exposure treatments (F 2,37 = 21.3, p < .001, Figure 3) . We also detected a treatment x infection interaction (F 2,37 = 3.2, p = .05), likely reflecting a significant difference in CORT levels between infected and uninfected larvae in the acute CORT treatment.
The effects of acute and chronic CORT exposure on survival and development rates depended on ranavirus infection status. In uninfected larvae, CORT treatment affected time to metamorphosis (p = .001) but had no effect on survival (Figure 4a,b) . Time of metamorphosis was 3.5 times faster in the chronic CORT treatment relative to uninfected control and acute CORT-treated larvae (Figure 4b ; p = .004): larvae in the chronic CORT treatment took 9.3 ± 1.3 days to metamorphose, the control larvae took 15.9 ± 1.4 days, and acute CORT larvae took 15.4 ± 1.3 days to metamorphose. For larvae exposed to an LD-50 ranavirus dose and followed through metamorphosis, neither CORT treatment significantly affected survival (Figure 4c , p > .05), but CORT exposure significantly affected metamorphosis (Figure 4d , p = .0004). Although not significant, the acute CORT group tended to have lower mortality rates (46% vs.
69%-79% in other groups), which was associated with an accelerated rate of metamorphosis that was 2.4 times faster than the infected control (p = .03). Larvae in the acute CORT treatment took 11.1 ± 1.0 days to metamorphose, whereas infected control larvae took 15.7 ± 1.3 days, and chronic CORT larvae took 17.9 ± 1.6 days to metamorphose. All dead and surviving larvae were infected with ranavirus and viral load significantly affected survival status; larvae with higher viral loads were less likely to survive (χ 2 = 129.3, p = .01).
| DISCUSSION
Our study demonstrates that activation of the HPI neuroendocrine axis prior to ranavirus infection can affect disease progression, possibly survival, and development in infected larval amphibians. However, these effects are dependent on the context, duration and timing of the stress response. In particular, we found that acute (6 hr) elevation of CORT prior to ranavirus exposure had a positive effect on metamorphosis, and thus overall survival, relative to all other treatments.
Acute CORT exposure preserved or accelerated rates of metamorphosis, while the survivors of other treatments exhibited comparatively delayed metamorphosis when exposed to an LD-50 dose of ranavirus and they tended to have lower survivorship. In contrast, more chronic (72 hr) elevation of CORT prior to ranavirus infection did not affect survival relative to infected controls, but did increase viral replication rates. Below, we discuss these findings in the context of immunity, developmental plasticity, and critical disease windows, as well as explore their implications for stressor effects on wildlife disease.
In the context of ranavirus infections, infected individuals that metamorphose appear to escape mortality (Brunner, Schock, Davidson, & Collins, 2004; Reeve et al., 2013; Warne et al., 2011) , likely because juveniles have more robust immune systems and acquired immunity that can clear or suppress the virus (Grayfer, Edholm, et al., 2015; Robert & Ohta, 2009) . By contrast, larval amphibians generally rely upon innate immunity (Grayfer, Edholm, et al., 2015; . Acute CORT exposure presumably enhances innate immune responses via upregulated cytokines and directed infiltration of leucocytes into tissues to prime inflammatory responses to potential wounds and pathogens (Dhabhar, 2009 (Dhabhar, , 2014 Haddad et al., 2002; Viswanathan et al., 2005) . Early activation of such inflammatory responses may thus help control early viral replication and could explain the trend for enhanced survival of larvae following acute CORT treatment. However, contrary to our expectations, we also showed that acute CORT exposure did not improve splenocyte proliferation (Figure 2 ). These results may reflect CORTmediated inhibition of lymphocyte proliferation in larval amphibians (Rollins-Smith, 2017 ).
Larvae exposed to chronic CORT had higher viral loads than acute CORT or infected treatments, which suggests that long-term exposure to elevated CORT levels may have suppressed innate immune function. In part, we suspect this because chronically elevated glucocorticoids suppress the inflammatory response in diverse taxa (Dhabhar, 2009; Haddad et al., 2002) . Additionally, amphibian larvae in the chronic CORT treatment may have initiated apoptosis and repurposing of leucocytes to aid in metamorphosis, because they accelerated development in the absence of ranavirus (Figure 4b ).
Specifically, chronic CORT may have initiated leucocyte apoptosis, leading to a reduction in leucocyte proliferation (Du Pasquier et al., 1989; Rollins-Smith, 2017) and repurposed macrophages for phagocytizing apoptotic larval tissues (Ishizuya-Oka, 2011), thereby removing them as immune factors for combating infection. However, ranavirus may rely on such phagocytic cells with poor antiviral properties as a route of infection . Together, these processes could account for the increased viral loads in the chronic CORT treatment at day 2, as leucocyte populations would have been less available to mount an inflammatory response, thereby immunocompromising these larvae.
Our results suggest the period around metamorphosis constitutes a critical developmental window in late stages of larval development that shapes susceptibility to disease. CORT regulates development in larval amphibians by synergizing with the thyroid in late-staged larvae, by which elevated CORT levels in response to environmental stressors act to accelerate metamorphosis (Denver, 2009 ). This may help explain the accelerated metamorphosis in the acute CORT treatment. Lethal ranavirus infection increases endogenous CORT levels in amphibian larvae (Warne et al., 2011) . This may be because, amphibian larvae, like all vertebrates release glucocorticoids in response to infection (Sternberg, 2006) Cumulatively, our results suggest interactions between stress exposure and infection impose resource trade-offs that shape optimal allocation between immune function, development and other somatic processes. As predicted by our model, larvae that were exposed to chronic CORT by itself accelerated development (Box 1b and Figure 4b ) reflecting both the synergistic effects of CORT on the thyroid (Denver, 2009 ) and the shift in marginal value of quick metamorphosis when exposed to challenging environmental conditions including disease (Warne et al., 2011) . By contrast, larvae exposed to the compounding effects of chronic CORT and ranavirus infection had longer development times relative to their respective uninfected controls (Figure 4d vs. b) . Within the framework of our model, this result suggests that for those larvae that survived, CORT-mediated resource mobilization and allocation to an effective inflammatory response (a somatic pool). In conjunction with the energetic costs of fighting infection, this inflammatory response reduced the marginal value of development and thus delayed metamorphosis (Box 1b). However, larvae exposed to acute CORT prior to infection exhibited faster development and marginally higher survival, suggesting CORT exposure caused redistribution or priming of the inflammatory cells prior to ranavirus infection. As found in previous studies, acute CORT stimulates immune function by upregulating the inflammatory response, and causing leucocyte migration to peripheral tissues (Dhabhar, 2009 (Dhabhar, , 2014 Haddad et al., 2002; Viswanathan et al., 2005) . Within the framework of our model, priming and immune cell redistribution may not alter resource allocation or optimal energy investment. Instead, acute CORT priming likely maximizes available immune function to suppress early viral replication, while also initiating or mobilizing the developmental processes already underway and thereby allowing faster developing larvae to survive typically lethal infections (Box 1a). Finally, our results suggest resource allocation trade-offs between development and differing pools within the soma likely shape critical windows, because any conditions that induce changes in differentiation rates necessarily will alter the duration and susceptibility of organisms to stressors or disease (Mueller et al., 2015; Warne, 2014) .
Our model provides a compelling framework that captures how immunity, growth and development may often be interdependent processes that rely on the same cellular and tissue populations.
An important note of comparison to previous models exploring complex life histories is that these studies have often focused on larval size and growth as the key factors determining allocation patterns and metamorphic traits (Werner, 1986; Wilbur & Collins, 1973) . However, our previous work demonstrated development is the primary factor determining metamorphic patterns and as argued by Smith-Gil and Berven (Smith-Gill & Berven, 1979) , growth rates are functionally dependent upon differentiation rates. We believe our approach and model captures an essential aspect of development, immunity and disease that is often overlooked when models focus on somatic growth. Namely, that resource allocation trade-offs within the soma are shaped by competition and demand for specific cellular resources that must be essential to determining phenotypic plasticity and variance in disease susceptibility (Schmid-Hempel, 2003) . Ultimately, our model also provides several hypotheses worthy of future tests. In particular, the model suggests that (i) varied phenotypes with differing allocation responses to stressors likely shape critical developmental windows, and that (ii) variation in the duration and timing of exposure to environmental stressors and pathogens interact to influence optimal allocation.
Indeed, the potential for variation in exposure to chronic or acute stressors to influence pathogen replication rates and host responses also has implications for community-level disease dynamics. Rapid viral replication, for example in chronically stressed individuals may cause them to become quickly infective without shortening their post-infection survival time, and thereby lengthening their infective period. Because ranavirus is capable of infecting many ectothermic vertebrates, and larval amphibians amplify the amount of virions in ecosystems Gray, Miller, & Hoverman, 2009 ), this may explain why areas of high anthropogenic pressures have higher prevalence of ranavirus (Echaubard et al., 2010; St-Amour et al., 2008 ).
In conclusion, we have shown that environmental stressors mediated by the HPI axis can alter disease susceptibility in developing animals. However, the results from this, and perhaps other investigations must be analysed in the context of developmental plasticity, which is increasingly understood as a source of evolution and adaptation (Mueller et al., 2015) . Neuroendocrine activation in developing animals can accelerate development and shorten immunocompromised developmental periods (i.e. reduce critical window size), or within the context of compounding factors possibly lengthen or exacerbate those same periods and result in more population die-offs.
Furthermore, glucocorticoids have both direct and downstream effects on multiple systems including immunity, growth and development (Hawlena & Schmitz, 2010; Kirschman, Haslett, Fritz, Whiles, & Warne, 2016; Kirschman, McCue, et al., 2017; Maher, Werner, & Denver, 2013; Sapolsky et al., 2000) . While these systems have been investigated individually, our results and model provide a potentially useful framework to examine the synergy of these effects on the phenotypes of developing animals and how it may carry-over to adult life stages to influence lifelong responses to stress and disease .
